Introduction: Auditory hallucinations are a hallmark symptom of schizophrenia. The neural basis of auditory hallucinations was examined using data from a working memory task. Data were acquired within a multisite consortium and this unique dataset provided the opportunity to analyze data from a large number of subjects who had been tested on the same procedures across sites. We hypothesized that regions involved in verbal working memory and language processing would show activity that was associated with levels of hallucinations during a condition where subjects were rehearsing the stimuli. Methods: Data from the Sternberg Item Recognition Paradigm, a working memory task, were acquired during functional magnetic resonance imaging procedures. The data were collected and preprocessed by the functional imaging biomedical informatics research network consortium. Schizophrenic subjects were split into nonhallucinating and hallucinating subgroups and activity during the probe condition (in which subjects rehearsed stimuli) was examined. Levels of activation from contrast images for the probe phase (collapsed over levels of memory load) of the working memory task were also correlated with levels of auditory hallucinations from the Scale for the Assessment of Positive Symptoms scores. Results: Patients with auditory hallucinations (relative to nonhallucinating subjects) showed decreased activity during the probe condition in verbal working memory/ language processing regions, including the superior temporal and inferior parietal regions. These regions also showed associations between activity and levels of hallucinations in a correlation analysis. Discussion: The association between activation and hallucinations scores in the left hemisphere language/working memory regions replicates the findings of previous studies and provides converging evidence for the association between superior temporal abnormalities and auditory hallucinations.
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Introduction
Auditory hallucinations are a hallmark symptom of schizophrenia. It has been estimated that up to 74% of schizophrenic patients experience auditory verbal hallucinations (AVH) in the form of hearing a voice or voices that are attributed to an outside source. 1 The neural basis of auditory hallucinations has been studied within a neuroimaging context in several ways. Some investigations require actively hallucinating schizophrenic subjects to respond when they are experiencing hallucinations; these studies examine neural activity during the experience of the hallucination in comparison to a period of time when the subject is not hallucinating. The presumption of these ''symptom capture'' studies is that during the experience of the hallucination, brain regions that participate in producing the experience will be active. Another technique is to measure the neural response to external stimulation (eg, presenting auditory stimuli) in patients who are prone to auditory hallucinations; we will refer to these studies as cognitive interference studies. In the cognitive interference studies, it is usually presumed that the hallucinatory activity will compete with or reduce activity in response to the external stimulation in those regions involved in the hallucinatory experience. Many studies of auditory hallucinations, especially the symptom capture studies, typically have small subject numbers (sometimes reporting only on a single subject); see Weiss and Heckers 2 and Allen et al 3 for reviews. The symptom capture studies consistently show increased activity within superior temporal auditory regions (although the lateralization reported differs). However, activity in several other regions (such as inferior parietal cortex, Broca's area, or the hippocampus) is sometimes reported, but the results have been inconsistent. 2, 3 The cognitive interference studies have fairly consistently reported decreased activity in response to auditory stimuli in schizophrenic subjects who are prone to auditory hallucinations, especially in superior temporal and middle temporal regions. 2, 3 Results of both symptom capture and cognitive interference studies in nonpsychotic subjects with visual hallucinations show corresponding increases of activity in visual regions during the experience of visual hallucinations and decreases in activity during visual perception in those subjects who have visual hallucinations. 4 It has also been reported that subjects with visual hallucinations show tonic increases in activity within the visual system, even when they are not hallucinating (see discussion in reference 5 ). Because of the difficulties involved in understanding the brain bases of auditory hallucinations in schizophrenia, converging evidence is needed. For the current study, we assessed the relationship between levels of auditory hallucinations and activity within a large neuroimaging dataset collected from schizophrenic and control subjects that were recruited from a number of sites across the country. The data were collected and preprocessed by the functional imaging biomedical informatics research network (FBIRN) consortium. Subjects underwent functional magnetic resonance imaging (fMRI) during performance of the Sternberg Item Recognition Paradigm (SIRP) task, a continuous performance, choice reaction time task that required working memory (WM). The one used here was similar to the version used previously with schizophrenic subjects. 6 This dataset provided the opportunity to analyze a large number of subjects that were collected across the United States and who were tested on the same (or similar) procedures in each laboratory.
The SIRP task did not use auditory stimuli, but the auditory verbal language system (inner voice) was expected to be used to rehearse the stimuli (visually presented numbers). Our general hypothesis was that subjects who had previously reported having hallucinations in clinical interviews would experience them in a probabilistic manner that was related to their hallucinations scores from the Scale for the Assessment of Positive Symptoms (SAPS). 7 For the SIRP task, memoranda were displayed during the entire extent of the encode phase but had to be kept in mind and matched against numbers presented during the probe period. Hence, we expected the verbal rehearsal system to be used to a greater extent during the probe period relative to the encode period. Schizophrenic subjects reporting high levels of auditory hallucinations would be expected to be relatively more likely to experience them in the scanner and/or to possibly have tonically increased activity within regions subserving hallucinations (as in visual hallucinations). Verbal rehearsal in the probe condition was expected to (at least) activate the superior temporal region, especially the superior temporal sulcus and the sylvian-temporal-parietal region or (Spt) as well as inferior frontal regions (see Buchsbaum and D'Esposito 8 and Postle 9 for reviews). There have also been several recent reports that WM maintenance is associated with inferior parietal activation-especially within the intraparietal sulcus. 10 Hence, as in the cognitive interference studies, we expected that schizophrenic subjects with auditory hallucinations would show decreased activity during the WM rehearsal or probe phase of the experiment. We tested this hypothesis in 2 different analyses. For the first analysis, we split the schizophrenic subjects into 2 demographically matched groups. One group of schizophrenics did not report having auditory hallucinations(SAPS hallucinations score = 0) and the other group was composed of subjects whose hallucinations scores were above zero. We analyzed activity during the probe condition for these 2 groups of subjects. We predicted that subjects with auditory hallucinations would show less activity during the probe condition compared with those without auditory hallucinations. For the second analysis, we took the group of all subjects with auditory hallucinations and correlated levels of hallucinations with levels of activity during the probe condition. We predicted that more hallucinations would be correlated with less activity in the probe condition. In other words, the auditory/verbal system is in use during the probe condition, and hence, hallucinatory activity within this system would be expected to result in decreased activation.
Methods
Detailed methods for subject recruitment/inclusion, task procedures, imaging procedures, and data analysis/preprocessing are available in this issue. 11 Some aspects of the methods that are particularly important for the current study will also be briefly described below.
Healthy comparison subjects and schizophrenic/schizoaffective male and female adults between the ages of 18 and 70 years were recruited for this study. Subjects with schizophrenia or schizoaffective disorder meeting Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, criteria were allowed in the study; schizophreniform subjects were excluded. Extensive training for agreement on clinical criteria was conducted for the study by Dr John Lauriello. Subjects were excluded if they had a current history of a major medical; previous head injury or prolonged unconsciousness; or substance and/or alcohol dependence. Patients were also excluded if they currently had an IQ less than 75 as measured by the North American Adult Reading Test, migraine treatments, significant extrapyramidal symptom or tardive dyskinesia (measured by the Global Section of the Abnormal Involuntary Movement Scale). Subjects were required to be clinically stable with no significant changes in their psychotropic medications in the previous 2 months. All subjects had regular hearing levels (no more than a 25 db loss in either ear), had sufficient eyesight or were correctable to be able to see visual display, were fluent in English, and were able to perform the cognitive tasks in this study and had no contraindications to MRI scanning.
Data from 74 schizophrenic subjects were included in the analyses (20 female and 54 male). The analyses were performed on data from all schizophrenia subjects who had hallucinations and whose data were of sufficient quality to be released (quality assurance was assessed for all data by University of California San Diego (UCSD)-G.G.B. and R.N., see below) and used in the SIRP data analyses. All sites received local Institutional Review Board approval for this study.
Clinical Evaluation
Patients were tested using several clinical rating scales. For the purposes of this study, hallucinations ratings were used from the SAPS that were collected within 7 days of the scanning session.
Scanning Protocols
Wherever possible, sites used the imaging protocols that provided the best results for their scanners as determined by their usual protocols. This led to some sites using spiral acquisitions while other used linear k-space trajectories. The scanning session is described in detail in Brown et al. 11 The functional scans were T2*-weighted gradient echo planar images sequences, with repetition time = 2, echo time = 30 milliseconds, flip angle = 90°, acquisition matrix = 64 3 64, 22 cm field of view, 27 slices when possible, 4 mm thick with 1-mm gap, oblique axial anterior commissure-posterior commissure aligned. Six seconds (3 acquisitions) of scans were discarded at the beginning of each functional run. The data reported in this article were obtained from the first scanning session.
Paradigms
The stimuli and responses were presented and collected using E-prime software, using an SRBox response device (see Psychology Software Tools, Inc, http://www.pstnet. com/products/e-prime/). These E-Prime programs are now available at www.nbirn.net. Visual stimuli were delivered using various methods including back projection, projection onto head coil-mounted mirrors, and MRIcompatible goggles.
At each site, subjects were scanned according to the same protocol. The SIRP task was presented using a block design with 3 runs of 360 seconds each. Blocks of rest or fixation (flashing crosshair-average duration 12 s) alternated with the task block. Each task block consisted of 3 phases: the learn prompt (2 s), the encode phase (6 s), and the probe phase (38 s). During the task, subjects were asked to memorize digits presented in the encode phase. In a given encode epoch, subjects were shown an encode memory set of 1, 3, or 5 target digits in red (all at once). This was followed by a series of 14 probe digits (7 previously presented probes, 7 foils-randomly intermixed) in green presented sequentially for 1.1 seconds each with a jittered delay between probes (0.6-to 2.5-s delay). During the probe phase, subjects were required to respond with their dominant hand by indicating whether the probe was a target (a member of the memorized encode set) or a foil (not a member of the memorized set). Subjects were instructed to press with their index finger if the green probe digit matched one of the encode targets and with their middle finger if it did not. The order of the 3 conditions was pseudorandom. For each run, 2 memory sets for each of the 3 loads, or conditions, were presented. Each run included 2 blocks composed of memory set sizes at each of the 3 memory loads. Over the 6 blocks presented for each memory set size, participants responded to 42 positive and 42 negative probes, and task blocks were separated by a visual fixation period.
Data Analyses
The data were initially analyzed at UCSD (headed by G.G.B.) in collaboration with MGH (headed by D. Greve), and contrast images were provided for the correlation analyses. A detailed account of the preprocessing resulting in the contrast images can be found in Brown et al 11 and will be briefly described. Functional images were processed using the FBIRN Image Processing System, a pipeline utilizing the FMRIB Software Library of FSL. Functions used from FSL included MCFLIRT for motion correction, PRELUDE and FUGUE for B 0 image correction, and ''slicetimer'' for slicetiming correction; the smooth-to script within the ''betfunc'' program was used for skull stripping. The Freesurfer ''mri_fwhm'' program and FSL's ''ip'' program were subsequently used to do spatial smoothing so that all datasets were smoothed to 8-mm field width half maximum. Geometric and temporal outliers were identified and discarded.
The functional imaging data were high-pass filtered, intensity normalized to 10 000, and spatially normalized using a 12-parameter affine transformation to Montreal Neurological Institute-152 atlas space. A linear model was fitted to each subjects preprocessed functional time series, and each contrast was estimated in a series of steps. Because of the close temporal spacing between phases or conditions, an event-related analysis was used (even though a block design was used for the experiment) and a composite regression parameter was estimated for all 14-probe events following a stimulus set. Given the task design, encode events were assumed to last for 6 seconds. The indicator coding (1 vs 0) of encode and probe explanatory variables was convolved with a single gamma density distribution (r = 3 s, delay to peak = 6 s or, equivalently, shape =5.8284, scale = 1.2426) to produce predictors of MR signal magnitude associated with each of the 3 encode and probe loads. Runs for each subject were combined to produce the contrasts of interest. For the purposes of the analyses in this article, we used contrasts that were collapsed over all levels of load and only examined data from the probe condition for which we had the most straightforward predictions.
Schizophrenic subjects were split into 2 groups for the t test analyses of the probe condition for subjects with vs without auditory hallucinations. We used contrasts for all nonhallucinating subjects with usable data. We then took the hallucinating group (defined as SAPS auditory hallucinations score greater than zero) and eliminated subjects to achieve equal numbers of subjects in the 2 subgroups. Subjects with lower auditory hallucinations scores were eliminated first until the group numbers were equal. Only the probe conditions were analyzed (collapsed over the 3 levels of load). t tests were computed using SPM5 for main effects of probe in hallucinators, and nonhallucinators vs hallucinators.
Scripts for the correlation analyses were originally written by B.J.R. in collaboration with and within the laboratory of D.H.M. and J.M.F. We modified those scripts for the SIRP-auditory hallucinations correlation analyses. These analyses were run using SPM5. Activation from all available brain voxels for the probe contrast (collapsed over all load levels) was correlated with levels of auditory hallucinations using the multiple regression module in SPM5. Subject site was used as a covariate, and the SAPS auditory hallucinations score for each subject was correlated with levels of activation for the probe contrasts at each voxel. Although we did have a priori predictions based on previous results, 12,13 we did not limit the analysis to any particular region. Results were subsequently thresholded at P < .005, uncorrected, and islands of less than 10 voxels were removed (20 voxels for the t test results).
Results
Clinical, Demographic, and Behavioral Results Table 1 lists the values for demographic and performance variables as well as levels of auditory hallucinations (means and SDs) for the subjects in the matched groups of hallucinators and nonhallucinators. There were no significant differences between demographic or performance variables for the 2 subgroups (determined by 2-sample t tests; P < .05 significance level). Table 2 lists the values for demographic and performance variables as well as levels of auditory hallucinations for the subjects used in the correlation analyses. Only subjects with SAPS hallucination scores greater than zero were included in the correlation analyses. Note that for some variables, there were missing values; hence, we also report the number of subjects included in each mean value.
Main Effects of Task Conditions-SIRP Task Activation
Note that orbital and cerebellar activation (as well as activations at the very top of the brain) should be considered to be of questionable reliability because of signal fallout and possible lack of consistent coverage across sites. In order to present a context for the interpretation of subsequent results, we show the main effects of the encode (red) and probe (green) conditions in figure 1 . The activation seen in figure 1 is comprised of the group average using all the contrast images from the schizophrenic subjects whose data were used in the auditory hallucinations correlation analyses. Inferior parietal, visual, and prefrontal regions were activated bilaterally during encoding. Inferior parietal and left superior temporal and prefrontal regions were predominately activated during the probe condition. For the purposes of the present study, the important result to note is the relative increased involvement of the left superior temporal, inferior parietal and frontal articulatory regions in the probe condition relative to the encode condition-presumably related to rehearsal/ WM of the numbers.
Group Analyses of the Probe Condition for Hallucinators and Nonhallucinators
Schizophrenic subjects were split into hallucinating and nonhallucinating groups (for auditory hallucinations); figure 2 shows the resulting analyses of activation during the probe condition within these 2 subgroups. Both hallucinators and nonhallucinators showed significant activation of the right and left parietal and left superior temporal regions during the probe condition. Schizophrenic subjects who did not report having auditory hallucinations showed greater activity during the probe condition, including greater activation of bilateral inferior parietal and left superior temporal regions. Tables 3 and 4 show the coordinates and significance levels for activity. No regions showed significantly greater activity in hallucinators than in nonhallucinators for this analysis.
Correlations Between Probe Activity and Levels of Auditory Hallucinations
Activity during the probe condition was negatively correlated with levels of auditory hallucinations in schizophrenic subjects. Left hemisphere activations were found in language regions including the inferior parietal, superior temporal, a posterior inferior frontal region, and bilateral anterior insula (see figure 3) . See table 5 for coordinates and statistics for significantly activated regions. A very small region (14 voxels) in visual cortex showed a positive correlation between auditory hallucinations and probe activity (x = À20, y = À88, 0), but no other regions showed a significant positive correlation between probe activity and levels of auditory hallucinations.
Discussion
During the encode condition of the SIRP task, the memoranda were displayed; however, during the probe condition, these memoranda were rehearsed and compared with those on the screen in order to make a response. Hence, we focused on activity during the probe condition for our analyses of auditory hallucinations because this condition should emphasize verbal WM, rehearsal, and use of the inner voice. As expected, the probe condition of the SIRP task showed activity in regions that were previously shown to be active in verbal WM such as inferior parietal, superior temporal, and posterior inferior frontal (Broca's area) regions. 9, 8 Schizophrenic subjects were split into groups who previously endorsed having auditory hallucinations and those who did not. As predicted, we found decreased activity during the probe condition in schizophrenic subjects who had previously reported having auditory hallucinations. In a separate analysis, we examined the correlation between levels of activity during the probe condition and levels of auditory hallucinations. As predicted, we found significant negative correlations between regions that have been previously demonstrated to be involved in verbal WM and in language production/ perception. 8 Left superior temporal, inferior parietal, and posterior inferior frontal regions showed significant negative correlations with levels of auditory hallucinations, as did bilateral anterior insula. The findings show that higher hallucinations scores were especially associated with reduced activity within the portion of the WM circuit that has been demonstrated to be especially involved in verbal WM and language production and perception. These results are consistent with previous neuroimaging studies of hallucinating subjects. This result could arise from tonically elevated activity within these regions as has been seen in nonpsychotic individuals with visual hallucinations, 5 or because of activity from auditory hallucinations within these regions, or from both sources.
Cognitive interference studies have consistently reported decreased activity in auditory/language regions in response to auditory stimuli in schizophrenic subjects who are prone to auditory hallucinations. Hence, our finding of superior temporal involvement replicates a frequent finding of decreased responsivity of the superior temporal region in schizophrenic subjects who have auditory hallucinations. 2, 3 In addition, activation of the superior temporal region was a consistent finding in over half of the existing neuroimaging studies of actively hallucinating schizophrenic subjects. These studies have also identified auditory hallucination related activity in the inferior parietal or temporal-parietal-occipital junction (TPJ) region and in posterior inferior frontal regions and insular cortex as was found in the current study. Studies of actively hallucinating patients have also found activity in the posterior middle/inferior temporal, inferior, and middle frontal regions; the hippocampus and parahippocampal gyrus; and the cingulated. [14] [15] [16] [17] [18] [19] See Allen et al 3 for an extensive recent review of auditory hallucinations and brain abnormalities related to hallucinations.
The involvement of the superior temporal and inferior parietal regions in AVH has also been confirmed in volumetric and diffusion tensor imaging (DTI) studies. Superior temporal volume has been consistently reported to be decreased in schizophrenia and to be related to levels of auditory hallucinations (see Shenton 20 for a review). The lateral aspect of the left temporoparietal section of the arcuate fasciculus showed evidence of having stronger connections in patients with auditory hallucinations vs patients without auditory hallucinations. 21 Right temporoparietal stroke, followed by epileptic seizures, was found to produce psychotic symptoms (1 mo to 11 y later in 8 reported cases [22] [23] [24] ). Left temporoparietal transcranial magnetic stimulation was found to ameliorate auditory hallucinations. 25 These findings yield converging evidence that the TPJ and superior temporal regions play a prominent role in psychosis.
There are several factors to keep in mind while interpreting the data in the current study. First, schizophrenic subjects with auditory hallucinations also have other, highly correlated symptoms. It is impossible to disentangle the relative contribution of other symptoms to the results shown here based on the analyses presented. We have predicted symptom-activity correlations for other symptoms that also generally involve the superior temporal and inferior parietal regions Note: Z is the Z-score at the peak voxel; inf indicates a Z>8.2. bilaterally. These predictions will be explored in subsequent publications. 22 In addition, it would also be difficult to disentangle several aspects of the hallucinatory experience and to relate them to activity within the context of our analyses for this study. These other aspects include the emotional response to the ensuing hallucination, attentional orienting, startle, and other factors. The extent of activation of language-related regions within the probe condition is also dependent on baseline use of these regions during normal inner thought. Any estimate of regions involved in active hallucinations would probably underestimate the extent of activation within language regions because they may be in constant use. For this and other reasons, we previously predicted that, especially for generative symptoms such as hallucinations, symptom-activation correlations should be more evident during baseline or no-task conditions, 22 and hence, this will be explored in subsequent studies.
In summary, our findings provide converging evidence that regions involved in verbal WM and voice production/perception are involved in producing hallucinations. This study of large numbers of schizophrenic patients collected from sites around the country replicates previous findings in studies of actively hallucinating subjects and in challenge studies where subjects with hallucinations are asked to process auditory stimuli.
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Informatics Research Network (U24RR021992); National Institute of Mental Health Fig. 3 . Activation: Correlation Between Activity in the Probe Condition and Auditory Hallucinations. Activation negatively correlated with levels of hallucinations during the probe condition (collapsed over all levels of load); we predicted that this condition would have maximally involved rehearsal and the use of left hemisphere language systems and that these systems would show decrements in subjects with high levels of hallucinations. Left hemisphere superior temporal and inferior parietal language regions (shown in the right figure) showed negative correlations with levels of hallucinations (P < .005, uncorrected). 
